The flat spectrum radio quasar 3C 279 is a known γ-ray variable source that has recently exhibited minute-scale variability at energies > 100 MeV. One-zone leptonic models for blazar emission are severely constrained by the short timescale variability that implies a very compact emission region at a distance of hundreds of Schwarzschild radii from the central black hole. Here, we investigate a hadronic scenario where GeV γ-rays are produced via proton synchrotron radiation. We also take into account the effects of the hadronically initiated electromagnetic cascades (EMC). For a γ-ray emitting region in rough equipartition between particles and kG magnetic fields, located within the broad-line region (BLR), the development of EMC redistributes the γ-ray luminosity to softer energy bands and eventually leads to broadband spectra that differ from the observed ones. Suppression of EMC and energy equipartition are still possible, if the γ-ray emitting region is located beyond the BLR, is fast moving with Doppler factor (> 70), and contains strong magnetic fields (> 100 G). Yet, these conditions cannot be easily met in parsec-scale jets, thus disfavouring a proton synchrotron origin of the Fermi-LAT flare.
INTRODUCTION
Variability ranging from few hours to several weeks has been commonly observed at various energy bands of the blazar spectrum. What came as a surprise was the detection of short (few minutes) timescale variability at very high energy γ-rays (VHE, E γ > 100 GeV) from several blazars, including BL Lac objects [Mrk 421 (Fortson et al. 2012) , Mrk 501 (Albert et al. 2007) , and PKS 2155-304 (Aharonian et al. 2007 )] and flat spectrum radio quasars (FSRQ) (PKS 1222+216, Aleksić et al. 2011) . The latest addition to the above list is the minute-scale flare detected on June 2015 at GeV γ-rays with Fermi-LAT (Ackermann et al. 2016 ) from FSRQ 3C 279 (at redshift z=0.536, Lynds et al. 1965) .
The 2015 Fermi-LAT flare was characterized by high apparent γ-ray luminosity (L γ ∼ 10 49 erg s −1 ), short flux-doubling timescales ( 5 minutes), and high values of the Compton dominance parameter (κ = 100). The observed minute-scale variability suggests a very compact emission region at a distance of hundreds of Schwarzschild radii from the central black hole. In leptonic external Compton models (ECS) (Dermer et al. 1992; Sikora et al. 1994) , the observed high Compton dominance requires a strongly matter-dominated emitting region (see also Asano & Hayashida 2015) . Models invoking the presence of relativistic protons in ⋆ Einstein Fellow; E-mail: mpetropo@purdue.edu the jet have been proposed as an alternative to the ECS scenario. In these models, γ-rays may result from a hadronically initiated electromagnetic cascade (EMC) (Mannheim et al. 1991) or from relativistic proton synchrotron radiation (Aharonian 2000; Mücke & Protheroe 2001) . The efficiencies of both hadronic processes are expected to be enhanced at sub-parsec dissipation distances (see Khangulyan et al. 2013, for 3C 454.3) .
In this letter, we investigate if a proton synchrotron origin of the GeV flare is possible. The leptohadronic synchrotron model (LHS) for blazars is often criticized for its energetic requirements (e.g. Zdziarski & Böttcher 2015) . Recently, Petropoulou & Dermer (2016) -henceforth PD16, showed that the LHS model of the VHE blazar radiation can have sub-Eddington absolute jet powers (Cerruti et al. 2015) , whereas models of dominant > 100 MeV radiation in FSRQ may still require excessive power (for 3C 273, see Petropoulou & Dimitrakoudis 2015). We do not discuss a photomeson (pγ) origin of the flare here, as this would have, in principle, higher energetic requirements than the LHS model (for Mrk 421, see Dimitrakoudis et al. 2014) , and would result in flatter Xray-to-γ-ray spectra than observed; a detailed calculation will be presented elsewhere.
As a starting point, we seek for parameters that minimize the jet power and provide a successful fit to the time-averaged flare's spectrum from Orbit D (Ackermann et al. 2016) . To do so, we use the analytical expressions presented in PD16 and the main observ- BLR radius ‡ (cm) R BLR 2.5 × 10 17 † This has been estimated using the observed broad emission lines (Celotti et al. 1997) . ‡ Estimated using the scaling relation R BLR ≈ 10 17 L 1/2 d,45 (Ghisellini & Tavecchio 2008). ables of the flare (variability timescale t v , γ-ray luminosity L γ , and photon energy E γ ). It is possible that the produced γ-rays do not escape but they are absorbed by the softer photons in the source initiating EMC cascades which alter drastically the broad-band spectrum as they distribute the γ-ray energy to lower frequencies, thus destroying the attempted spectral fit. To assess the role of EMC, we derive analytical expressions for the optical depth for internal photon-photon (γγ) absorption and the efficiency for pγ interactions. The parameter values derived in the first step are then used as an input to a numerical code that calculates the broadband photon spectrum taking into account all relevant physical processes (Dimitrakoudis et al. 2012 ). In our numerical investigation, we compare the broad-band photon spectra obtained with and without internal γγ absorption. If, for parameters that minimize the jet power, the absorption of VHE radiation produced via pγ interactions initiates an EMC with a spectrum that does not describe well the data, we search for other parameters that may suppress the development of cascades.
ANALYTICAL TREATMENT
The observables of the flare that enter our analysis are presented in Table 1 . Following PD16, we derive the parameter values that minimize the jet power in the LHS scenario. These are summarized in Table 2 (Case A). In the following, the subscript "min" is used to denote quantities at minimum power conditions. The absolute minimum jet power is P j,min ≃ 14Ṁc 2 (see also . Henceforth, all primed quantities are measured in the rest frame of the emitting source, while unprimed quantities are measured in the observer's frame. In such strong magnetic fields, the energy of protons producing synchrotron photons at the peak energy of the γ-ray component is E ′ p,max ∼ 50 PeV. This is lower than the energy of protons that can be confined in the source by a factor ∼ 2400 (Hillas 1984) . Because of the short variability timescale and strong magnetic fields, the synchrotron cooling timescale of the highest energy protons in the source is comparable to the dynamical timescale (t
4 s). In the following, we assume that the size of the emitting source is approximately equal to the size of the dissipation region. De- Table 2 . Parameter values that minimize the jet power of 3C 279 in the LHS scenario for the minute-scale GeV flare (Case A). Other values considered in §3 are also listed (Case B). All primed quantities are measured in the rest frame of the emitting source. The beaming factor -defined as ψ ≡ 2Γ/δ -was set equal to 1.01.
Symbol
Parameter Case A Case B pending on its opening angle θ, the dissipation distance may lie from several up to hundreds of gravitational radii (r g ) away from the base of the jet. Assuming that θ ≈ θ obs and Γθ obs = 0.1, we find
For a smaller degree of collimation (e.g., ψ = 2) the dissipation distance would be placed at 28 r g from the central black hole, while the mimimum jet power would be ψ 2 times higher. We next provide estimates of the efficiency for pγ interactions and the optical depth for internal γγ absorption using simplified expressions for the respective cross sections. We will take into account the radiation from the illumination of the BLR as well as the internal synchrotron radiation produced by the relativistic electron and proton distributions; photons from the highenergy hump of the spectrum have not been taken into account in previous works (e.g., Dermer et al. 2007; Sikora et al. 2009 ). For the purposes of the analytical treatment, we model the internal target photon field as a broken power law, i.e., n
is the photon energy in m e c 2 units, H(x) is the Heavyside function,
and i=e (p) for electron (proton) synchrotron radiation. In particular, ǫ p = E γ /m e c 2 with E γ = 0.7 GeV (Table 1) and ǫ e = 8 × 10 −9 ν 12 , where we introduced the notation Q x ≡ Q/10 x in cgs units. Our choice for the low peak energy is based on archival observations (see also Fig. 1 ). The normalization of the photon number density is given by n Table 1 ). The BLR energy density profile is assumed to be uniform up to a typical radius R BLR (e.g., Ghisellini & Tavecchio 2008; Dermer et al. 2014) . Its differential photon number density is approximated by n
2 BLR , and L BLR ≃ 6 × 10 44 erg s −1 (Celotti et al. 1997) . At z diss,min the direct disk radiation can be neglected, since u
08. Here, we assumed that the size of the accretion disk that emits most of the bolometric radiation is R d = 10 15 ∼ 10 r g (Ghisellini & Madau 1996; Sikora et al. 2009 ). The energy loss timescale due to pγ interactions is given by t Stecker 1968; Sikora et al. 1987) , where γ ′ p is the proton's Lorentz factor, bared quantities are measured in the proton's rest frame,ǭ th ≃ 300, n ′ (ǫ ′ ) is the number density of target photons. In the analytical calculations we use σ pγ ≈ 0.1 mb H(ǭ −ǭ th ), and κ pγ = 0.2. The exact cross section, inelasticity and pion multiplicity are used in the numerical calculations (Dimitrakoudis et al. 2012) 
(1 − β e )(3 − β e )
For parameters that minimize the jet power (Table 2) and β e ∼ −1/4, we find η pγ,e ≪ 1. The efficiency also depends strongly on the Doppler factor as η pγ,e ∝ δ −5+βe . For pγ interactions on proton synchrotron photons (0 < α p < 1 and β p < 0) and γ ′ p ≫ δ 1 /ǫ p,3 we find
The efficiency increases with increasing proton energy as γ ′1−αp p and η pγ,p ∝ δ −5+αp , where α p corresponds to the X-ray-to-γ-ray photon index of the spectrum in the LHS model. For pγ interactions with BLR photons from the Rayleigh-Jeans part of the spectrum, the efficiency is independent of the proton's energy and is given by
In contrast to η pγ,e(p) that have a strong inverse dependence on the Doppler factor, η pγ,BLR ∝ δ 2 . The optical depth for internal γγ absorption is τ γγ (ǫ 1 ) = r , Coppi & Blandford 1990 ). The respective optical depth due to electron synchrotron photons may be written as 
In the above, we used α e > 2, since the electron synchrotron spectrum below its peak is usually synchrotron self-absorbed (see Fig. 1 below). Noting that 0 < α p < 1, the optical depth due to internal absorption on proton synchrotron photons is given by
The optical depth increases for increasing photon energy as τ γγ,p ∝ ǫ ′1−αp 1 , while it depends on the Doppler factor as δ −5+αp . Substitution of parameter values that minimize the jet power (see Table 2 ) and of the flare's observables (Table 1) in eqs. (4) and (5) shows that any internally produced radiation at E 20 GeV will be attenuated by the electron and proton synchrotron radiation fields. In fact, an EMC can be developed, since τ γγ ≫ 1 at multi-TeV energies. Depending on the luminosity of the multi-TeV photons and the exact value of τ γγ , the spectrum of photons originally considered as targets will be modified. We expand on this issue in §3 with detailed numerical calculations. Finally, the optical depth due to the Rayleigh-Jeans part of the BLR photon energy spectrum may be written as
In contrast to τ γγ,e(p) which decrease with increasing δ (eqs. (4) and (5)) the respective optical depth due to the BLR radiation field is ∝ δ as long as the γ-ray emitting region lies within the BLR.
NUMERICAL SED MODELLING
Using as a starting point the parameter values of Case A (Table 2) , we perform time-dependent calculations of the broad-band spec- Table 3 . Parameters of the particle distributions at injection as derived from the numerical modelling of the flare's time-averaged spectrum over the orbit D for both cases shown in Fig. 1 . trum aiming at fitting the average spectrum of the outburst phase from orbit D (Ackermann et al. 2016) . Simultaneous observational data were available in the UV, X-ray and γ-ray bands, but not in the radio-to-optical bands. The latter are not crucial for our analysis, as our main conclusions remain unaffected by a different modelling of the low-energy component of the SED. Although a detailed fit to the light curve during Orbit D lies beyond the scope of this letter, we do take into account the basic temporal properties of the flare (i.e., duration, peak and average fluxes). In an attempt to model the flare's broad-band spectrum with the minimum number of changes in the model parameters, we imposed fluctuations on the proton energy density alone: u
2 ) , where
4 (800) erg cm −3 for Case A (Case B). The proton energy density averaged over ten dynamical timescales is u ′ p = 3 × 10 5 (3 × 10 3 ) erg cm −3 for Case A (Case B), in agreement with our analytical estimates in Table 2 . In both cases, we choose initial conditions that correspond to a low flux level of the source. In the numerical calculations we also lift some of the simplifying assumptions (e.g., monoenergetic proton distribution) used in PD16 and §2. In particular, the particle injection spectra are modelled as broken power laws, i.e, n
, where S (y; y 1 , y 2 ) is the unit boxcar function. The parameter values derived from the fits are presented in Table 3 . Because of the derived kG magnetic fields, our numerical calculations also include muon and pion losses due to synchrotron radiation (Petropoulou et al. 2014) .
Our results are shown in Fig. 1 . In each panel, we present the 0.1-10 GeV light curves (top) and the broad-band photon spectra (bottom); for more details, see figure caption. The results obtained by neglecting (taking into account) internal γγ absorption are plotted, in both panels, with black (light blue) lines. For parameters that minimize the jet power (left panel), an EMC is being developed with a photon spectrum that cannot describe the observed one. Photons produced via photohadronic processes (at multi-TeV energies) are attenuated and their luminosity is transfered to lower (i.e., IR-to-X-rays) energies. The increase of the target photon number density in those softer bands increases, in turn, the efficiency for photohadronic interactions, thus leading to an increased production rate of VHE photons. This creates a feedback loop of processes that results in higher photon luminosities and spectral shapes dramatically different than the target photon spectra before the initiation of the EMC (see also Petropoulou & Mastichiadis 2012; Petropoulou 2014). Because of the lower peak photon energy (few MeV) of the EMC spectrum, the model light curve in the 0.1-10 GeV lies far below the observed fluxes (left top panel in Fig. 1 ). We next seeked for parameters that would (i) provide a successful fit to the data from Orbit D, (ii) suppress the development of EMC, and (iii) lead to P j P j,min (Case B). The EMC is suppressed compared to Case A, but the internal absorption of VHE photons still leads to an excess below few keV. Because of the higher δ, the pγ photon production in Case B is driven by the BLR radiation field ( §2). Table 2 ). Right panel: The parameters used (Case B) correspond to δ ≃ 2.5δ min , B ′ = 0.4B ′ min , P j = 1.25 P j,min , and z diss ≃ R BLR .
DISCUSSION
We have derived parameter values that minimize the jet power of 3C 279 during the minute-scale Fermi-LAT flare in the LHS model. For these conditions, however, an EMC is developed in the γ-ray emitting region due to the internal absorption of multi-TeV photons produced via photohadronic interactions. The most straightforward way for suppressing the development of an EMC is to decrease the number of relativistic pairs that are being injected in the emitting region by pγ and γγ processes. This can be achieved in a faster moving emitting region because of the strong dependence of η pγ,e(p) and τ γγ,e(p) on δ ( §2). To ensure that P j P j,min , the magnetic field in the emitting region should be B ′ < B ′ min for δ > δ min , given that the main contributing terms to the total jet power scale as P j,B ∝ B ′2 δ 4 and P j,p ∝ B ′−6 δ −6 . Taking also into account the radiation power, we find that P j ≃ 1.25P j,min for δ = 2.5δ min ≃ 50 and B ′ = 0.8 kG (Table 2) . We have shown that a fit to the γ-ray spectrum of the flare is possible for this parameter set (Case B). However, our model spectra cannot describe well the observations below few keV due to the EMC emission. The discrepancy between the data and the model could be reduced, if u ′ BLR was lower by a factor of ten than the adopted value. This would, in turn, suggest a more extended BLR (R BLR > 0.25 pc) than the one predicted by the simple scaling relation of Ghisellini & Tavecchio (2008) .
For a BLR with properties as those listed in Table 1 , the effects of the EMC on the broad-band spectrum could be suppressed, if the γ-ray emitting region was located outside the BLR (see Nalewajko et al. 2014 , for leptonic scenarios). This would require δ ≫ 2R BLR (1 + z) ψ − 1/ct v ψ ≃ 70 for Γθ obs = 0.1. The jet power could still be close to the minimum one provided that B ′ > 100 G at distances > 0.1 pc (see also Bottacini et al. 2016) . The main challenge is to explain then, the extremely high local energy densities (Nalewajko et al. 2012 ) associated with the strong magnetic fields. Such regions in parsec-scale jets would be severely over-pressured, and would not survive for more than a couple of dynamical time scales. Were the magnetic field strength lower (e.g., 10 G), the energetic requirements would be very high, i.e., P j ≫ 100Ṁc 2 (e.g. Petropoulou & Dimitrakoudis 2015) . It is noteworthy that a flat proton energy distribution (s p 2) is required for explaining the high-energy hump of the SED (see also Böttcher et al. 2013; Cerruti et al. 2015) , while s e ∼ 2 (see Table 3 ). Magnetic reconnection in highly magnetized plasmas may account for flat particle energy spectra, as demonstrated by particlein-cell (PIC) simulations in electron-positron plasmas for σ 10 ( Guo et al. 2014; Sironi & Spitkovsky 2014; Nalewajko et al. 2015) . Similar behavior is expected in electron-proton plasmas for σ ≫ 1 (Melzani et al. 2014; Guo et al. 2016) , where σ = B 2 0 /(4πρ 0 c 2 ) is the jet magnetization, B 0 , and ρ 0 c 2 are the unreconnected magnetic field strength and plasma rest mass energy density, respectively. The latter can be estimated from the energy density at the blazar dissipation region, u ulations of reconnection in moderately magnetized electron-proton plasmas are sparse, the properties of the accelerated particle distributions in this regime remain unclear (Dr. Sironi, private communication). The minute-scale variability and high γ-ray luminosity characterizing the 2015 outburst from 3C 279 challenge both leptonic and leptohadronic one-zone models for the blazar emission. Allowing for relativistic motion of the emitting region in the rest frame of the jet, as proposed in models of magnetic reconnection (e.g., Giannios et al. 2009; Nalewajko et al. 2011; Petropoulou et al. 2016) , might resolve some of the issues that single-zone models encounter.
